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Abstract
Studies in experimental grasslands have shown variation in plant individual performance in response to
neighbourhood diversity. To which extent these responses are due to phenotypic plasticity or genetic
variation is largely unknown. We collected seed families of five herbaceous species (Cirsium
oleraceum, Crepis biennis, Plantago lanceolata, Plantago media and Rumex acetosa) in monocultures
and 60-species mixtures 5 years after establishment and replanted or transplanted the offspring into the
same monocultures and 60-species mixtures. In all five species the actual environment significantly
affected plant survival, growth and performance in terms of shoot biomass and investment into
reproduction, indicating stronger competition for light and different levels of herbivory in mixtures as
compared with monocultures. Effects of the original environment were smaller and less consistent, but
indicated differential selection in monocultures vs. mixtures. The interaction between actual and original
environment, corresponding to the “home” vs. “away” comparison, was rarely significant, yet this was
providing a first sign of local adaptation. We conclude that, for the investigated plant species, more than
five growing seasons in monocultures or mixtures would be needed to better demonstrate the selection
of genotypes specifically adapted to monocultures or mixtures. A faster local adaptation may have been
prevented by the ability of these species to respond to variation in neighbourhood diversity to a large
degree via phenotypic plasticity and other factors.
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Abstract 1 
Studies in experimental grasslands have shown variation in plant individual performance in 2 
response to neighbourhood diversity. To which extent these responses are due to phenotypic 3 
plasticity or genetic variation is largely unknown. We collected seed families of five 4 
herbaceous species (Cirsium oleraceum, Crepis biennis, Plantago lanceolata, Plantago media 5 
and Rumex acetosa) in monocultures and 60-species mixtures 5 years after establishment and 6 
replanted or transplanted the offspring into the same monocultures and 60-species mixtures. 7 
In all five species the actual environment significantly affected plant survival, growth and 8 
performance in terms of shoot biomass and investment into reproduction, indicating stronger 9 
competition for light and different levels of herbivory in mixtures as compared with 10 
monocultures. Effects of the original environment were smaller and less consistent, but 11 
indicated differential selection in monocultures vs. mixtures. The interaction between actual 12 
and original environment, corresponding to the “home” vs. “away” comparison, was rarely 13 
significant, yet this was providing a first sign of local adaptation. We conclude that, for the 14 
investigated plant species, more than five growing seasons in monocultures or mixtures would 15 
be needed to better demonstrate the selection of genotypes specifically adapted to 16 
monocultures or mixtures. A faster local adaptation may have been prevented by the ability of 17 
these species to respond to variation in neighbourhood diversity to a large degree via 18 
phenotypic plasticity and other factors. 19 
 20 
Zusammenfassung 21 
Untersuchungen in experimentellen Graslandbeständen haben gezeigt, dass die 22 
Wuchsleistung von Pflanzenindividuen in Abhängigkeit von der Diversität benachbarter 23 
Pflanzen variiert. Ob diese Reaktion auf phänotypische Plastizität oder genetische Variation 24 
zurückzuführen ist, ist bisher nicht geklärt. Wir sammelten in Monokulturen und 60-Arten-25 
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Mischungen 5 Jahre nach ihrer Etablierung Samenfamilien von fünf krautigen Arten (Cirsium 1 
oleraceum, Crepis biennis, Plantago lanceolata, Plantago media und Rumex acetosa) und 2 
pflanzten die Nachkommen in einem reziproken Verpflanzungsexperiment in ihre eigenen 3 
Monokulturen und die 60-Arten-Mischungen. Bei allen fünf Arten hatte die aktuelle Umwelt 4 
großen Einfluss auf die Ausprägung der untersuchten Merkmale, die eine stärkere Konkurrenz 5 
um Licht in Mischungen im Vergleich zu Monokulturen und einen unterschiedlichen 6 
Herbivorendruck anzeigten. Artabhängig beeinflusste die aktuelle Umwelt das Überleben, die 7 
Sprossbiomasse und die Investition in Reproduktion bei den verpflanzten Individuen. Effekte 8 
der Herkunft waren geringer und weniger konsistent, so dass die Anzeichen für eine 9 
unterschiedliche Selektion und daraus resultierende genetische Variation nur gering waren. 10 
Lokale Anpassungen, die zu einer höheren Leistungsfähigkeit der Nachkommen von 11 
Samenfamilien führen, die in ihre Herkunftsumwelt zurückverpflanzt wurden im Vergleich zu 12 
solchen, die zwischen Monokulturen und Mischungen verpflanzt wurden, waren selten 13 
festzustellen, gaben aber erste Hinweise auf eine lokale Adaptation. Aus unserem Experiment 14 
folgern wir, dass für die untersuchten Pflanzenarten mehr als 5 Jahre Selektionsdruck durch 15 
eine Umwelt mit unterschiedlicher pflanzlicher Diversität notwendig ist, um besser eine 16 
Selektion von Genotypen, die speziell an Monokulturen oder Mischungen angepasst sind, 17 
nachzuweisen. Dieses Ergebnis kann dadurch bedingt sein, dass die untersuchten Arten in 18 
beträchtlichem Maß durch phänotypische Plastizität auf eine Variation der pflanzlichen 19 
Diversität in ihrer Nachbarschaft reagieren können. 20 
 21 
Keywords: genetic variation, local adaptation, mixture, monoculture, phenotypic plasticity, 22 
reciprocal transplant experiment 23 
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Introduction 1 
Genetic differentiation among natural plant populations of the same species may reflect 2 
adaptation in response to their local environment (Linhart & Grant 1996). Local adaptive 3 
genetic variation in single plant species has been reported at a small scale (e.g. Turkington & 4 
Harper 1979, Antonovics & Primack 1982, Schmid 1985, van Tienderen 1990) or across 5 
larger geographic distances (e.g. Joshi, Schmid, Caldeira, Dimitrakopoulos, Good et al. 2001, 6 
Santamaría, Figuerola, Pilon, Mjelde, Green et al. 2003, Becker, Colling, Dostal, Jakobsson & 7 
Matthies 2006, Bischoff, Crémieux, Šmilauerová, Lawson, Mortimer et al. 2006). Given their 8 
sessile life-form and low genetic mobility via seeds and pollen strong genetic differentiation 9 
in response to persistent small-scale variation in the abiotic environment can be expected (e.g. 10 
Antonovics 1968, Ducousso, Petit, Valero & Vernet 1990, Antonovics 2006). However, 11 
small-scale variation in the biotic environment of plants may be more dynamic. Therefore, it 12 
raises the question whether variation in the biotic environment also leads to a genetic 13 
differentiation of populations in an ecologically relevant time scale (Turkington & Harper 14 
1979, Linhart 1988) or whether phenotypic plasticity is more important for species adjustment 15 
to more heterogeneous biotic environments (Schlichting 1986, Sultan 1987, Schmid 1992). 16 
Reciprocal transplant experiments can be used to separate genetic variation from 17 
phenotypic plasticity and to test for plant adaptations to local environmental conditions 18 
(Antonovics & Primack 1982, Schmid 1985). If plants grown in the same environment differ 19 
from each other according to their genotype (population origin), they express genetic 20 
variation. If plants of the same genotype differ from each other if grown in different 21 
environments, they express phenotypic plasticity. Finally if there is an interaction between 22 
genotype and environment in the way that plants transplanted to “home” sites have an 23 
advantage over plants transplanted to “away” sites, they can be considered as locally adapted 24 
(Schmid 1992, Joshi et al. 2001, Kawecki & Ebert 2004). An advantage of reciprocal 25 
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transplant experiments to test for local adaptation is that the selection pressures driving the 1 
adaptation need not to be known (Schmid 1992). To find out which drivers may be 2 
responsible, ecological differences between the different types of local environments can be 3 
examined (Raabová, Münzbergová & Fischer 2007, Bowman, Perret, Hoehn, Galeuchet & 4 
Fischer 2008). In natural environments, this approach can provide hypotheses about potential 5 
selection pressures to be tested a posteriori in subsequent experiments. Here we used 6 
neighbourhood diversity as an a priori selection pressure and investigated if test species 7 
responded to this selection pressure by genetic differentiation and local adaptation or if they 8 
could adjust to varying neighbourhood diversities by phenotypic plasticity. 9 
Our study was motivated by the observation of positive plant diversity–productivity 10 
relationships in grassland biodiversity experiments (Hooper, Chapin, Ewel, Hector, Inchausti 11 
et al. 2005, Balvanera, Pfisterer, Buchmann, He, Nakashizuka et al. 2006, Cardinale, 12 
Srivastava, Duffy, Wright, Downing et al. 2006). In spite of this overall increase of 13 
community performance, responses of individual species to altered community diversity vary 14 
greatly (Dimitrakopoulos & Schmid 2004, Roscher, Schumacher, Weisser, Schmid & Schulze 15 
2007, Marquard, Weigelt, Roscher, Gubsch, Lipowsky et al. 2009) suggesting that plants of 16 
any particular species may respond to conspecific neighbours differently than to 17 
heterospecific neighbours. It is not known so far to which extent these responses are due to 18 
selection between different plant genotypes or to phenotypic plasticity of individual 19 
genotypes. 20 
Several previous studies already investigated effects of plant diversity on individual plant 21 
performance in experimental grasslands. They either used individuals which were members of 22 
the sown resident community (Dassler, Roscher, Temperton, Schumacher & Schulze 2008, 23 
Thein, Roscher & Schulze 2008) or planted so-called “phytometers” into the resident 24 
communities (Diemer & Schmid 2001, Scherber, Milcu, Partsch, Scheu & Weisser 2006a, 25 
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Mwangi, Schmitz, Scherber, Roscher, Schumacher et al. 2007). These studies, however, could 1 
only measure the phenotypic response of the plants to the different actual environments and 2 
not test for effects of different plant origin. To disentangle the influence of plant origin and 3 
actual environment, we used plants of different origin (with the original environment as 4 
monoculture or 60-species mixture) and transplanted or replanted them into actual 5 
environments of the same type. Rates of genetic differentiation depend on generation times 6 
and the pollination system of plant species (Linhart & Grant 1996), where a short life-cycle 7 
and self-compatibility are likely to promote genetic differentiation. The majority of plant 8 
species in temperate grasslands is perennial and can reproduce via clonal growth. In spite of 9 
large differences in their mating system including apomixis, complete self-pollination and 10 
mixed mating systems (Klotz, Kühn & Durka 2003), genetic differentiation may thus mainly 11 
depend on differential mortality and growth between clones originally sown to establish 12 
grassland. We allowed for such genetic differentiation to take place over five growing season 13 
in monocultures and 60-species mixtures in our experiment. Then we reciprocally 14 
transplanted plants between these two environments. We used five herbaceous species as 15 
model system, namely Cirsium oleraceum (L.) Scop., Crepis biennis L., Plantago lanceolata 16 
L., P. media L. and Rumex acetosa L. We tested if these species (1) showed evidence for 17 
genetic differentiation between different original environments when grown in the same 18 
actual environment, (2) showed evidence for phenotypic plasticity between different actual 19 
environments when taken from the same original environment, and (3) showed evidence for 20 
local adaptation to their home environments when reciprocally transplanted and replanted 21 
between original and actual environment. 22 
 23 
Material and methods 24 
 25 
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Field site: the Jena Experiment 1 
The Jena Experiment is a large biodiversity experiment situated in the floodplain of the river 2 
Saale near Jena (Germany, 50°55’ N, 11°35’ E, 130 m a.s.l.). Mean annual temperature is 9.3 3 
°C, and mean annual precipitation amounts to 587 mm (Kluge & Müller-Westermeier 2000). 4 
The experiment was set up using a pool of 60 plant species commonly occurring in species-5 
rich Central European, semi-natural grasslands (Arrhenatherion communities, Ellenberg 6 
1988). A complete list of the experimental species is provided in Appendix A. The 7 
experiment includes the 60-species mixture (4 replicates) and monocultures of several of the 8 
60 species on 20 × 20 m plots. The monocultures were not replicated on these large plots but 9 
for each of the 60 species two replicated monocultures were also sown on small plots of 3.5 × 10 
3.5 m (for details see Roscher, Schumacher, Baade, Wilcke, Gleixner et al. 2004). All plots 11 
were sown in May 2002, were mown twice a year (early June, early September) and did not 12 
receive fertilizer addition. To maintain only the originally sown species composition, plots 13 
were weeded in biannual weeding campaigns (early April, middle of July). 14 
 15 
Study species 16 
Five herbaceous species were selected for the reciprocal transplant experiment, Crepis biennis 17 
(Asteraceae), Cirsium oleraceum (Asteraceae), Plantago lanceolata (Plantaginaceae), 18 
Plantago media (Plantaginaceae) and Rumex acetosa (Polygonaceae). The chosen species 19 
form a rosette after germination and individual genets remain distinguishable for a long time, 20 
which is important to reduce the danger of sampling clonal replicates of single genets in the 21 
transplant study. Crepis biennis is a biennial to monocarpic perennial species, i.e. plant 22 
individuals die off after flowering, while the other four species are perennial herbs. Although 23 
the chosen species typically grow in extensively managed grasslands, P. lanceolata, C. 24 
biennis and R. acetosa also frequently occur in disturbed ruderal habitats (Rothmaler 2002). 25 
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Plantago lanceolata and P. media are wind- or insect-pollinated, protogynous and 1 
incompletely self-incompatible, i.e. selfing may occasionally occur (Sagar & Harper 1964). 2 
The dioecious species R. acetosa is predominantly wind-pollinated. Crepis biennis is self- or 3 
insect-pollinated. Self-compatibility has been rarely studied in the genus Crepis, but so far no 4 
obligate selfer is known (Enke, Fuchs & Gemeinholzer 2011). Apomixis has also been 5 
reported in C. biennis (Rothmaler 2002). Cirsium oleraceum is insect-pollinated and the only 6 
study species for which frequent self-compatibility has been described (Bureš, Šmarda, 7 
Rotreklová, Oberreiter, Burešová et al. 2010). 8 
 9 
Reciprocal transplant experiment 10 
In summer 2006, seeds from fruiting plants of the five study species were collected in small 11 
and if available in large monocultures and in three replicates of the 60-species mixture. We 12 
collected seeds in monocultures from four mother plants of C. oleraceum (one large and one 13 
small plot), four mother plants of R. acetosa (one small plot), five mother plants of C. biennis 14 
(one small plot), six mother plants of P. lanceolata (one large plot) and six mother plants of 15 
P. media (two small plots). The same number of seed families (fruits) for each species was 16 
collected in the 60-species mixture (three large plots). Seeds were stored at –20 °C to 17 
maintain their viability until the start of the experiment. From each of the 50 (= (4 + 4 + 5 + 6 18 
+ 6) × 2 diversity levels) seed families the mass of 50 seeds (or a smaller number if fewer 19 
seeds were available) and the germination rate of 20 seeds were determined in January 2007. 20 
Germination tests were performed in Petri dishes on moistened filter paper in a climate 21 
chamber under standardized light and temperature conditions (16 h light at 20 °C, and a night 22 
temperature of 12 °C). The original environment (monoculture vs. mixture) and the plot of 23 
origin did not affect germination rates of the seed families in all studied species except for 24 
reduced germination rates of C. oleraceum collected in mixture plots (analyses not shown). 25 
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Seedlings from each seed family were planted into QuickPot™ trays (cylindrical pots with a 1 
volume of 0.2 L, Herku-Plast, Germany) in soil from the field site and grown in an unheated 2 
glasshouse. The young plants were watered every second day. 3 
From 1–6 June 2007, plants were transplanted and replanted into the plots of the 4 
biodiversity experiment. At this time, we found no effect of the original environment 5 
(monoculture or 60-species mixture) on leaf number and leaf length of plantlets of our study 6 
species, with the exception for leaf number in C. biennis. However, differences among seed 7 
families were often significant, with exception of C. oleraceum (analyses not shown). Thus, 8 
effects of maternal environment or genetic differentiation dependent on the original 9 
environment were near negligible for the early stages of development of the transplants. One 10 
half of the offspring of each seed family were transplanted to their own monoculture plots and 11 
the other half to 60-species mixture plots (in total 16-18 plants per seed family, i.e. 8 or 9 12 
plants per actual environment). This procedure covered all possible combinations of original 13 
environment × actual environment: monoculture seed families transplanted into mixtures, 14 
monoculture seed families replanted into monocultures, mixture seed families transplanted 15 
into monocultures and mixture seed families replanted into mixtures. In monoculture plots, 16 
the offspring of different seed families of the respective monoculture species was randomly 17 
distributed within a subplot of 1.00 × 1.25 m in a regular grid with a between-plant distance 18 
of 0.25 m (one small plot per species). In mixture plots, the offspring of different seed 19 
families and species was completely randomly distributed in subplots of 3.5 × 2.5 m in a 20 
regular grid with a between-plant distance of 0.25 m using the three large plots of the 60-21 
species mixture. In total, 1016 plantlets were transplanted and replanted and marked with 22 
plastic labels of different colours next to the plants to ease identification during data 23 
collection. 24 
Lipowsky et al. 10
All plants were harvested on 26–30 May 2008. Canopy height of the surrounding 1 
vegetation, plant height, maximum leaf length, number of leaves and leaf damage by 2 
herbivores were recorded. Leaf damage was estimated visually as percentage loss of leaf area, 3 
from 1–10 in single steps and from 10–100 in steps of 5%. Most of the harvested plants were 4 
vegetative (72%), but in C. biennis 73% of all plants flowered. Thus, numbers of 5 
inflorescences according to their stage of development (bud-forming, flowering or fruiting) 6 
were counted only for C. biennis. Leaves, stems (including branches) and inflorescences were 7 
dried separately for 48 h at 70 °C and weighed. Relative height was calculated as the quotient 8 
of plant height by canopy height of the surrounding vegetation. 9 
 10 
Statistical analysis 11 
Generalized Linear Models (GLM) with a normal distribution of errors and a linear link 12 
function were applied to get analyses of variance tables for continuous variables (e.g. plant 13 
height, biomass, maximum leaf length), count data (leaf number) and percentage of leaf 14 
damage. If necessary, response variables were log-transformed prior to analyses to meet 15 
assumptions of normality and homoscedasticity. Generalized Linear Mixed Models (GLMM) 16 
with a binomial error distribution using a complementary log-log link structure were used for 17 
data on survivorship. A logit link structure was applied for binary data on transition into the 18 
reproductive stage. Results from GLMMs are presented in analysis of deviance tables. Effects 19 
of species and maternal plant identity, original environment (environment where maternal 20 
plants came from: monoculture vs. mixture) and plot of origin, actual environment 21 
(environment where seed offspring of maternal plants grew: monoculture vs. mixture) and 22 
plot of actual environment and interactions were included as explanatory terms. Of particular 23 
interest among the interactions were original × actual environment interactions, which can be 24 
viewed as “home” vs. “away” contrasts (home: original environment = actual environment, 25 
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away: original environment ≠ actual environment). Species identity, original environment, 1 
species identity × original environment interactions and plot of the seed family were tested 2 
against seed family as error, because each seed family could only include plants of the same 3 
species, original environment and plot of the seed family (nested structure). The remaining 4 
terms were tested against residuals. Due to the large differences among species, we also 5 
analyzed data for each species separately, using the model mentioned above without species 6 
identity effects. GLMMs were calculated with Genstat, version 13.1 (VSN International Ltd.). 7 
The statistical software R (Version 2.7.2, http://www.r-project.org) was used for all other 8 
calculations and analyses. 9 
 10 
Results 11 
Species identity had significant effects on all measured traits (Table 1) and explained a large 12 
proportion of variation. The actual environment in which the plants were growing during the 13 
experiment also significantly affected survival of transplants and the majority of plant traits, 14 
except for the number of leaves and proportion of transplants reaching the reproductive stage 15 
(Table 1, Fig. 1). However, significant species identity × actual environment interactions in 16 
all analyses showed that the potential for phenotypic plasticity varied among species (Table 17 
1). 18 
The original environment had no consistent effects across the five test species. Significant 19 
species identity × original environment interactions for plant height and leaf length indicated 20 
that the amount of genetic differentiation caused by 5 years of selection differed among the 21 
five species. In comparison to the effects of the actual environment, effects of the original 22 
environment were small, suggesting that genetic differentiation was less pronounced than 23 
phenotypic plasticity in the five species investigated (Table 1). Furthermore, because the 24 
original environment × actual environment interactions across species were only significant in 25 
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the case of leaf damage and inflorescence biomass, local adaptation to home sites across all 1 
species was not a general feature in our study. We therefore analyzed a number of traits for 2 
each species separately to further test for local adaptation of single species. 3 
 4 
Cirsium oleraceum 5 
Cirsium oleraceum responded to the actual environment by increased plant height and leaf 6 
length and reduced leaf number and relative height compared to the surrounding vegetation in 7 
mixture (see Appendix A: Table 2, Fig. 2A-B). Plants of mixture origin had higher numbers 8 
of leaves than plants of monoculture origin in both actual environments (Fig. 2B), indicating 9 
genetic differentiation due to selection by neighbourhood diversity. Furthermore, a significant 10 
original environment × actual environment interaction for plant height (see Appendix A: 11 
Table 2) suggested some adaptation to the home evironment in this species: plants whose 12 
parents had been selected in mixtures for 5 growing seasons were taller in mixtures (home 13 
environment) than plants whose parents had been selected in monocultures (away 14 
environment), but if the growth place was monoculture the difference between the two origins 15 
was very small (Fig. 2A). In contrast, the significant original environment × actual 16 
environment interaction for leaf herbivory (see Appendix A: Table 2) was related to more 17 
herbivory damage in home than in away environments (Fig. 2D). 18 
 19 
Plantago lanceolata 20 
Plantago lanceolata had a higher performance in mixture than in monoculture (see Appendix 21 
A: Table 2, Fig. 2F-K). Plants in mixtures grew taller, produced more and longer leaves with 22 
a higher biomass per leaf, and achieved a higher plant individual and inflorescence biomass 23 
(F1,32 = 4.39, p = 0.040). They suffered less leaf herbivory than plants growing in 24 
monocultures, while survival and transition into the reproductive stage (analysis not shown) 25 
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did not depend on our treatments. Origin effects and interactions were small and not 1 
significant indicating that in P. lanceolata phenotypic plasticity was responsible for an 2 
adjustment to environmental variation created by plant diversity. However, maximum leaf 3 
length showed significant genetic differences among seed families. 4 
 5 
Plantago media 6 
In P. media, significant effects of the actual environment were observed for plant height and 7 
leaf length (see Appendix A: Table 2, Fig. 2L). However this phenotypic plasticity was not 8 
sufficient to prevent increased light competition (plants reached only 15% of vegetation 9 
height). In mixtures a lower proportion of plants reached the reproductive stage (F1,29 = 6.63, 10 
p = 0.011), which was paralleled by increased leaf herbivory. Plants of mixture origin had 11 
decreased height and shorter leaves in both actual environments (Fig. 2L). Significant genetic 12 
differences among seed families were found for plant height, leaf length and leaf number (see 13 
Appendix A: Table 2). 14 
 15 
Rumex acetosa 16 
Rumex acetosa again showed a similar response to growing in mixture vs. monoculture as the 17 
other species (see Appendix A: Table 2, Fig. 2Q-T). Similar to C. oleraceum, the increased 18 
plant height and maximum leaf length was accompanied by a reduced number of leaves in 19 
mixtures. The mixture environment decreased survival of R. acetosa transplants (Fig. 2U). 20 
Origin effects and interactions were not significant. 21 
 22 
Crepis biennis 23 
Crepis biennis showed similar responses to the actual environment as the previous species 24 
(see Appendix A: Table 2). However, in contrast to the other investigated species, most plants 25 
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of C. biennis were reproductive (73%). The proportion of reproductive plants was reduced in 1 
the mixture environment (see Appendix A: Table 3). Number of leaves, plant individual 2 
biomass and inflorescence biomass were significantly lower in mixture, while maximum leaf 3 
length was higher in mixture than in monoculture (see Appendix A: Tables 2 and 3; Fig. 2W-4 
X, 3A). Again, in mixture survival of transplants decreased (Fig. 2Z), while leaf herbivory did 5 
not differ among treatments (Fig. 2Y). Plants had fewer leaves and lower inflorescence 6 
biomass in home than in away environments (significant original environment × actual 7 
environment interactions, see Appendix A: Tables 2 and 3). Different proportions of bud-8 
forming and of flowering and fruiting inflorescences gave some evidence for a postponement 9 
of flowering in mixture compared to monoculture (Fig. 3B-D). The significant original 10 
environment × actual environment interaction for the proportion of bud-forming 11 
inflorescences suggested a later flowering time in home than in away environments especially 12 
for plants of mixture origin. 13 
 14 
Discussion 15 
In this study we focused on the issue whether variation in a plant’s abiotic and biotic 16 
environment in plant communities with low and high neighbourhood diversity may cause 17 
differential selection of genotypes in a 5-year biodiversity experiment. Our controlled 18 
reciprocal transplant experiment with five herbaceous plant species showed that the actual 19 
environment had large effects on plant survival, growth characteristics related to plant 20 
performance and investment into reproduction, suggesting a large potential of the studied 21 
species for environmentally-induced phenotypic plasticity. Effects of the original environment 22 
were smaller and less consistent, but our study did provide first evidence that different 23 
neighbourhood diversity can lead to genetic differentiation in plant species and that plants 24 
may adapt to their local biotic environment, suggesting the evolution of monoculture and 25 
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mixture genotypes. 1 
 2 
Genetic differentiation between monocultures and mixtures as selection environments 3 
Our study differs from other transplant studies in natural communities in that the 4 
environments of origin were experimental treatments and not pre-existing habitats naturally 5 
varying in plant species diversity. All material within each test species had the same origin 6 
before the populations were subjected to the different selection environments. In previous 7 
transplant studies, which found larger effects of origin, natural selection had worked for an 8 
unspecified, but presumably much longer time, on plant material that may already have 9 
arrived from different sources in the different natural environments (e.g. Becker et al. 2006, 10 
Bischoff et al. 2006, Bowman et al. 2008). However, despite the relatively short selection in 11 
the different original environments (monocultures vs. mixtures, which had been established 12 
from the same seed source) three of five studied species did show indications of genetic 13 
differentiation between the two experimental original environments (C. oleraceum, P. media) 14 
or local adaptation (C. oleraceum, C. biennis; see below). 15 
In P. media, plants selected in monocultures grew taller and had a longer maximum leaf 16 
length in both actual environments (Fig. 2L). Surprisingly, this was in the opposite direction 17 
of phenotypic plasticity. However, in P. media with its relatively short stature, tall genotypes 18 
may be selected for only in monoculture where they can overtop their con-specific neighbours 19 
whereas in mixtures they would not be able to overtop the taller interspecific neighbours. In 20 
contrast, C. oleraceum plants selected in mixtures produced more leaves (Fig. 2B) and 21 
achieved a taller growth in the mixture environment (Fig. 2A). In this tall-statured species, 22 
selection for increased leaf number and height is more likely to be adaptive allowing the 23 
species to reach the upper canopy layers in mixtures. Nevertheless, this selection might be 24 
costly if the increased height and leaf number comes at the expense of reduced defense 25 
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against herbivores as indicated by higher rates of leaf damage in plants originating from 1 
mixtures (see Fig. 2D). 2 
Species which did not show any evidence of genetic differentiation after five seasons of 3 
selection in monocultures vs. mixtures were R. acetosa and P. lanceolata. From previous 4 
studies it is known that P. lanceolata has a large phenotypic plasticity (Antonovics & Primack 5 
1982) which may have allowed this species to cope with the experimentally imposed variation 6 
in neighbourhood diversity during the selection period. Both R. acetosa and P. lanceolata 7 
typically occur in a wider habitat spectrum than the other study species, including disturbed 8 
ruderal places. Therefore, a larger phenotypic plasticity may be expected in these species. The 9 
capacity for a larger phenotypic plasticity in a species may reduce the rapid evolution of 10 
genotypes (which may become mal-adapted if the environment changes frequently; Sultan & 11 
Spencer 2002). 12 
 13 
Phenotypic plasticity in response to monocultures and mixtures as actual environments 14 
The actual environment in which the plants grew had larger effects on performance (shoot 15 
biomass, survival) and other traits than their original environment or seed family identity. 16 
Thus, our five study species exhibited a large phenotypic plasticity when they grew in 17 
monoculture vs. mixture. In mixtures, plants generally were taller and produced longer leaves 18 
than in monocultures. The 60-species mixtures in the Jena Experiment had a taller canopy and 19 
higher shoot density than every monoculture of the species investigated here (Dassler et al. 20 
2008, Marquard et al. 2009), and presumably exerted higher light competition. Taller growth 21 
due to stem and leaf elongation is a typical response to vegetation shading, initiated by 22 
reduced light quantity and changes in light quality with a decrease in the red:far red ratio 23 
(Schmitt, McCormac & Smith 1995). If this plastic response allows plants to reach more light, 24 
it is adaptive (Callaway, Pennings & Richards 2003). Nevertheless, the reduced relative plant 25 
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height of all studied species in mixtures (Fig. 1B) suggested that increased height growth may 1 
be mal-adaptive if species do not reach the upper canopy layers in mixtures with tall-statured 2 
species. 3 
The actual environment also had large effects on the investment into reproduction and the 4 
flowering phenology of C. biennis. The reduced inflorescence biomass of C. biennis in 5 
mixtures might be caused by the reduced light availability where species often may survive 6 
but reduce their reproductive effort (Chiariello & Gulmon 1991). In most flowering plants of 7 
temperate regions the onset of flowering is controlled by photoperiod. However, the response 8 
to day length is often to some degree dependent on plant size (Klinkhamer, de Jong & Meelis 9 
1987) and could explain the delayed flowering of the less productive C. biennis plants in 10 
mixtures. 11 
All our test species except P. lanceolata suffered higher leaf damage in mixtures than in 12 
monocultures. Increasing leaf herbivory with increasing plant species and functional group 13 
richness was also reported by Mulder, Koricheva, Huss-Danell, Högberg & Joshi (1999) and 14 
Scherber et al. (2006a). This increase might have several reasons. Firstly, stronger 15 
competition for light in multi-species mixtures might have enhanced plant individual 16 
susceptibility to herbivores. Secondly, legumes present in the 60-species mixtures of our 17 
experiment (see Appendix A) might have increased herbivory due to a fertilization effect of 18 
legumes that increased plant nutritional quality (Scherber, Mwangi, Temperton, Roscher, 19 
Schumacher et al. 2006b). The different result obtained with P. lanceolata is in line with 20 
agricultural experiments suggesting larger herbivore damage at the plant individual level in 21 
monocultures than in plant mixtures because of a larger density of specialist herbivores 22 
(Andow 1991, Finch & Collier 2000). 23 
 24 
Local adaptation via the evolution of monoculture and mixture genotypes? 25 
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Despite the large phenotypic plasticity of the studied species and the relatively short selection 1 
period, we found already some evidence for selection at home sites. Plants of C. oleraceum 2 
grew taller when they were replanted into the environment that was their home for five 3 
growing seasons than if they were transplanted to the away environment which they had not 4 
experienced for at least five growing seasons. However, the opposite pattern, i.e. a negative 5 
home effect was found for herbivory in this species (Fig. 2D). Although it is possible that 6 
insects with a shorter generation time causing leaf damage might become locally adapted even 7 
faster than perennial plants (Crémieux, Bischoff, Šmilauerová, Lawson, Mortimer et al. 8 
2008), local adaptation of insect herbivores is less probable in our experiment at a relatively 9 
small spatial scale because of their high mobility. Therefore, negative genetic correlations 10 
with other traits could be responsible for this negative home effect. However, further tests on 11 
fitness consequences would be required to conclude on local adaptation with respect to height 12 
growth or local mal-adaptation in response to herbivore pressure. 13 
In addition to large phenotypic plasticity, there are other factors which might have 14 
prevented rapid local adaptation in our study. First, genetic variation in the original seed 15 
material might have been low (this material was purchased from commercial suppliers; 16 
Roscher et al. 2004) reducing the chance for selection and adaptation to the biotic 17 
environment in different experimental communities and increasing the probability for species 18 
loss (Vellend & Geber 2005, Vellend 2006). Second, because of space limitation in the 19 
experimental plots we could only use a low number of seed families per origin and grow a 20 
small number of offspring per seed family (8 to 9 plants per treatment) lowering the statistical 21 
power to detect small effects of local adaptation. Third, the measured vegetative traits may 22 
have been less responsive to selection than other traits associated with their greater inherent 23 
variation due to phenotypic plasticity than for example reproductive structures, in particular 24 
flowers (Schmid 1992). In addition, plant characteristics such as longevity and mating system 25 
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have been suggests to affect the evolution of local adaptation. A short life cycle and self-1 
compatibility are likely to increase genetic differentiation at small scale (Hartl & Clark 1989, 2 
Linhart & Grant 1996). For instance, only recently Fakheran, Paul-Victor, Heichinger, 3 
Schmid, Grossniklaus et al. (2010) have demonstrated that populations of the annual plant 4 
species Arabidopsis thaliana diverged both phenotypically and genetically after only five 5 
generations of selection under different disturbance regimes. In our study, only C. biennis is 6 
biennial or monocarpic perennial, while the other studied species are perennial. Self-7 
compatibility is most likely to occur in C. oleraceum among the studied species (Bureš et al. 8 
2010). First evidence for selection at home vs. away sites in C. oleraceum and C. biennis 9 
suggest that life-history traits are important for a local adaptation at small scale to plant 10 
environments of low and high neighbourhood diversity. 11 
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Table 1: Analyses of variance measured traits combining all species 
  Plant height     Relative plant height   Leaf length     Number of leaves   Shoot mass     
Source of variation df SS F   df SS F   df SS F   df SS F  df SS F   
Species (SP) 4 356.44 214.87 *** 4 5.87 20.10 *** 4 86.19 69.30 *** 4 130.77 67.13 *** 4 516.45 85.98 *** 
Actual environment (A) 1 82.73 250.80 *** 1 48.86 759.13 *** 1 122.68 600.60 *** 1 0.02 0.08  1 11.75 8.62 ** 
Original environment (O) 1 0.02 0.05  1 0.02 0.26  1 0.08 0.25  1 0.92 1.90  1 4.03 2.68  
SP x A 4 29.26 22.18 *** 4 3.63 14.10 *** 4 10.56 12.92 *** 4 31.88 31.33 *** 4 142.99 26.22 *** 
SP x O 4 5.96 3.59 * 4 0.27 0.92  4 4.20 3.38 * 4 1.73 0.89  4 8.87 1.48  
A x O 1 0.09 0.27  1 0.01 0.09  1 <0.01 <0.01  1 0.90 3.53  1 0.11 0.08  
SP x A x O 4 3.62 2.74 * 4 0.07 0.26  4 1.31 1.61  4 0.99 0.98  4 4.54 0.83  
Plot 2 2.37 3.59 * 2 0.15 1.17  2 0.65 1.59  2 5.31 10.44 *** 2 0.22 0.08  
Plot of seed family 4 0.29 0.17  4 0.36 1.23  4 0.59 0.48  4 0.42 0.21  4 2.65 0.44  
Seed family 36 14.93 1.26  36 2.63 1.13  36 11.19 1.52 * 36 17.53 1.91 ** 36 57.06 1.10  
Residuals 663 218.70    663 42.67    662 135.22     662 168.42     655 890.11     
                     
  Average leaf biomass   Inflorescence biomass Leaf damage     Survival     Proportion reproductive plants 
Source of variation df SS F  df SS F  df SS F   ndf Wald st. F pr  ndf Wald st. F pr   
Species (SP) 4 282.20 73.32 *** 3 147.69 28.62 *** 4 305.89 110.66 *** 4 14.81 3.70 * 4 77.58 19.21 *** 
Actual environment (A) 1 28.93 37.58 *** 1 8.19 9.93 *** 1 29.23 46.58 *** 1 7.28 7.28 ** 1 2.04 2.04  
Original environment (O) 1 2.81 2.92  1 0.52 0.30  1 1.42 2.05  1 0.29 0.29  1 0.02 0.02  
SP x A 4 32.77 10.64 *** 2 17.47 10.59 *** 4 65.43 26.07 *** 4 13.41 3.35 * 4 18.25 4.56 *** 
SP x O 4 5.47 1.42  2 4.02 1.17  4 0.68 0.25  4 5.21 1.30  4 0.02 0.01  
A x O 1 0.53 0.69  1 8.24 9.99 ** 1 3.03 4.83 * 1 <0.01 <0.01  1 0.96 0.96  
SP x A x O 4 2.67 0.87  1 0.28 0.33  4 3.21 1.28  4 3.58 0.89  4 0.01 <0.01  
Plot 2 7.51 4.88 ** 2 1.54 0.94  2 9.41 7.50 *** 2 0.22 0.11  2 3.15 1.57  
Plot of seed family 4 4.39 1.14  3 0.93 0.18  4 8.11 2.93 * 4 2.66 0.66  4 3.98 0.98  
Seed family 36 34.64 1.25  22 37.85 2.09 ** 36 26.26 1.10  vc ± se 0.05 0.04 vc ± se 0.46 0.24  
Residuals 654 503.51    166 136.87    663 414.81     md ± se 0.84 0.04  md ± se 0.65 0.04   
Listed are degrees of freedom (df) and the sum of squares (SS) for generalized linear models (GLM), numerator degrees of freedom (ndf), Wald 
statistic (Wald stat.), variance component for seed family with approximate standard error (vc ± se) and residual mean deviance with 
approximate standard error (md ± se) for Generalized Linear Mixed Models (GLMM) and F ratios (F). Levels of significance are *: p ≤ 0.05, **: 
p < 0.01, and ***: p < 0.001. 
Figure captions 
 
Fig. 1. Plant height (A), relative plant height (B), maximum leaf length (C), leaf number (D), 
shoot biomass (E) and leaf damage (F) of studied species in response to different actual 
environments (monoculture vs. 60-species mixtures). Values are per species means (± 1 SE) 
for all plants per actual environment irrespective of the original environment. 
 
Fig. 2. Reaction norms for Cirsium oleraceum (first row, A-E), Plantago lanceolata (second 
row, F-K), Plantago media (third row, L-P), Rumex acetosa (fourth row, Q-U) and Crepis 
biennis (fifth row, V-Z) differing in the original environment of seed families (monoculture 
and 60-species mixture) for plant height, leaf number, shoot biomass, leaf damage and 
survival in response to different actual environments (monocultures and 60-species mixtures). 
For each species maternal plants grew 5 years in monocultures or mixtures before seeds of 
different mother individuals, were collected, and seedlings originating from these seed 
families were replanted or transplanted to their “home” or “away” site, respectively. In cases 
where original environment (O), actual environment (A) or actual by original environment 
interactions (A × O) were statistically significant (see Table 2 Appendix A), their significance 
levels are indicated (*: p ≤ 0.05, **: p < 0.01, and ***: p < 0.001). Values are means (± 1 SE) 
for all plants per actual and original environment. We do not present additional variables 
(Table 1), where we did not find significant effects of original environment or actual × 
original environment interactions in any species. 
 
Fig. 3. Reaction norms for Crepis biennis differing in the original environment of seed 
families (monoculture and 60-species mixture) for (A) inflorescence biomass, (B) proportion 
of bud-forming inflorescences, (C) proportion of flowering inflorescences, and (D) proportion 
of fruiting inflorescences per plant individual in response to different actual environments 
(monoculture and 60-species mixture). Maternal plants grew five years in monocultures and 
mixtures before seeds of different mother individuals, were collected, and seedlings 
originating from these seed families were replanted or transplanted to their “home” or “away” 
site, respectively. In cases where actual environment (A) and actual by original environment 
interactions (A × O) were statistically significant (see Table 3 Appendix A), their significance 
levels are indicated (*: p ≤ 0.05, **: p < 0.01, and ***: p < 0.001). Values are means (± 1 SE) 



























































































































































































































































































































































































List of plant species used in the design of the Jena Experiment and their assignment to plant 
functional groups (Roscher et al. 2004). 
Tall herbs      Small herbs 
Achillea millefolium L. (Asteraceae)   Ajuga reptans L. (Lamiaceae) 
Anthriscus sylvestris (L.) Hoffm. (Apiaceae)  Bellis perennis L. (Asteraceae) 
Campanula patula L. (Campanulaceae)  Glechoma hederacea L. (Lamiaceae) 
Cardamine pratensis L. (Brassicaceae)  Leontodon autumnalis L. (Asteraceae) 
Carum carvi L. (Apiaceae)    Leontodon hispidus L. (Asteraceae) 
Centaurea jacea L. (Asteraceae)   Plantago lanceolata L. (Plantaginaceae) 
Cirsium oleraceum (L.) Scop. (Asteraceae)  Plantago media L. (Plantaginaceae) 
Crepis biennis L. (Asteraceae)   Primula veris L. (Primulaceae) 
Daucus carota L. (Apiaceae)    Prunella vulgaris L. (Lamiaceae) 
Galium album Mill. (Rubiaceae)   Ranunculus repens L. (Ranunculaceae) 
Geranium pratense L. (Geraniaceae)   Taraxacum officinale Wiggers (Asteraceae) 
Heracleum sphondylium L. (Apiaceae)  Veronica chamaedrys L. (Scrophulariaceae) 
Knautia arvensis (L.) J.M. Coult. (Dipsacaceae) 
Leucanthemum vulgare Lam. (Asteraceae)  Grasses 
Pastinaca sativa L. (Apiaceae)   Alopecurus pratensis L. (Poaceae) 
Pimpinella major (L.) Huds. (Apiaceae)  Anthoxanthum odoratum L. (Poaceae) 
Ranunculus acris L. (Ranunculaceae)  Arrhenatherum elatius (L.) Presl (Poaceae) 
Rumex acetosa L. (Polygonaceae)   Avenula pubescens (Huds.) Dum. (Poaceae) 
Sanguisorba officinalis L. (Rosaceae)  Bromus erectus Huds. (Poaceae) 
Tragopogon pratensis L. (Asteraceae)  Bromus hordeaceus L. (Poaceae) 
       Cynosurus cristatus L. (Poaceae) 
Legumes      Dactylis glomerata L. (Poaceae) 
Lathyrus pratensis L. (Fabaceae)   Festuca pratensis Huds. (Poaceae) 
Lotus corniculatus L. (Fabaceae)   Festuca rubra L. (Poaceae) 
Medicago lupulina L. (Fabaceae)   Holcus lanatus L. (Poaceae) 
Medicago x varia Martyn (Fabaceae)   Luzula campestris (L.) Dc. (Juncaceae) 
Onobrychis viciifolia Scop. (Fabaceae)  Phleum pratense L. (Poaceae) 
Trifolium campestre Schreb. (Fabaceae)  Poa pratensis L. (Poaceae) 
Trifolium dubium Sibth. (Fabaceae)   Poa trivialis L. (Poaceae) 
Trifolium fragiferum L. (Fabaceae)   Trisetum flavescens (L.) P. Beauv. (Poaceae) 
Trifolium hybridum L. (Fabaceae) 
Trifolium pratense L. (Fabaceae) 
Trifolium repens L. (Fabaceae) 








Table 2: Analyses of variance of measured traits for each species separately 
  Cirsium oleraceum   Plantago lanceolata   Plantago media     Rumex acetosa     Crepis biennis     
Plant height                                         
Source of variation df SS F   df SS F   df SS F   df SS F   df SS F   
Actual environment (A) 1 41.24 89.91 *** 1 34.65 165.96 *** 1 11.34 41.92 *** 1 24.74 49.76 *** 1 0.02 0.05  
Original environment (O) 1 0.20 0.39  1 0.43 1.22  1 4.80 8.31 * 1 0.45 1.15  1 0.12 0.45  
A x O 1 2.86 6.23 * 1 0.01 0.04  1 0.81 2.98  1 0.03 0.07  1 <0.01 0.01  
Plot 2 2.57 2.80  2 0.31 0.75  2 3.21 5.93 ** 2 0.63 0.63  2 0.22 0.35  
Plot of seed family 3 1.19 0.77  1 0.03 0.08  2 0.35 0.30  1 0.40 1.02  1 0.08 0.29  
Seed family 3 1.56 1.13  9 3.15 1.68  8 4.62 2.13 * 5 1.96 0.79  7 1.83 0.83  
Residuals 106 48.62  160 33.40   162 43.84   91 45.24   136 43.09   
Relative plant height                                       
Source of variation df SS F  df SS F  df SS F  df SS F  df SS F  
Actual environment (A) 1 9.67 225.00 *** 1 7.01 203.26 *** 1 19.55 141.13 *** 1 12.09 265.96 *** 1 4.17 97.74 *** 
Original environment (O) 1 <0.01 0.01  1 0.06 0.90  1 0.23 1.44  1 <0.01 <0.01  1 <0.01 <0.01  
A x O 1 0.05 1.15  1 0.01 0.41  1 0.01 0.04  1 <0.01 0.07  1 <0.01 0.01  
Plot 2 0.11 1.31  2 0.10 1.39  2 0.08 0.28  2 0.05 0.55  2 <0.01 0.02  
Plot of seed family 3 0.09 0.44  1 <0.01 0.07  2 0.31 0.98  1 <0.01 0.02  1 <0.01 0.04  
Seed family 3 0.22 1.69  9 0.60 1.92  8 1.26 1.13  5 0.23 0.99  7 0.31 1.03  
Residuals 106 4.56   160 5.52   162 22.45   91 4.14   136 5.80   
Leaf length                                         
Source of variation df SS F  df SS F  df SS F  df SS F  df SS F  
Actual environment (A) 1 28.96 88.50 *** 1 39.31 321.53 *** 1 14.14 86.99 *** 1 38.07 111.61 *** 1 12.75 86.78 *** 
Original environment (O) 1 0.49 2.08  1 0.26 0.91  1 2.60 7.62 * 1 0.46 1.70  1 0.48 1.91  
A x O 1 0.85 2.59  1 <0.01 0.02  1 0.40 2.44  1 0.06 0.18  1 0.00 0.02  
Plot 2 1.49 2.27  2 0.11 0.44  2 2.36 7.26 *** 2 0.42 0.61  2 0.49 1.66  
Plot of seed family 3 0.98 1.39  1 <0.01 <0.01  2 0.59 0.87  1 0.65 2.40  1 <0.01 <0.01  
Seed family 3 0.71 0.72  9 2.58 2.35 * 8 2.73 2.10 * 5 1.35 0.79  7 1.75 1.70  
Residuals 106 34.69   160 19.56  162 26.34  91 31.04  135 19.83  
Leaf number                                         
Source of variation df SS F  df SS F  df SS F  df SS F  df SS F  
Actual environment (A) 1 0.75 4.81 * 1 20.49 55.90 *** 1 0.24 1.99  1 8.18 19.74 *** 1 2.43 10.98 ** 
Original environment (O) 1 0.91 13.32 * 1 1.15 1.72  1 0.02 0.08  1 0.21 0.25  1 0.18 0.95  
A x O 1 0.01 0.05  1 0.92 2.50  1 <0.01 0.03  1 0.01 0.02  1 0.96 4.32 * 
Plot 2 0.34 1.07  2 2.49 3.40  2 2.25 9.46 *** 2 6.35 7.66 *** 2 1.33 3.01  
Plot of seed family 3 0.93 4.53  1 0.31 0.47  2 0.01 0.02  1 1.67 1.96  1 0.15 0.82  
Seed family 3 0.20 0.44  9 6.03 1.83  8 1.99 2.10 * 5 4.26 2.06  7 1.31 0.84  
Residuals 106 16.55    160 58.63     161 19.11     91 37.69     136 30.08     
Shoot mass                                         
Source of variation df SS F  df SS F  df SS F  df SS F  df SS F  
Actual environment (A) 1 0.92 0.58 1 140.32 94.31 ** 1 3.02 3.11  1 3.30 1.77  1 7.73 7.33 ** 
Original environment (O) 1 2.35 3.52 1 5.99 2.86  1 1.90 1.36  1 0.02 0.01  1 2.10 1.92  
A x O 1 2.86 1.80 1 0.79 0.53  1 0.27 0.27  1 0.03 0.01  1 0.71 0.67  
Plot 2 7.00 2.21 2 4.54 1.52  2 4.08 2.10  2 6.64 1.78  2 1.74 0.83  
Plot of seed family 3 4.94 2.47 1 0.00 0.00  2 0.79 0.28  1 4.90 2.70  1 0.33 0.30  
Seed family 3 2.00 0.42 9 18.85 1.41  8 11.20 1.44  5 9.08 0.97  7 7.67 1.04  
Residuals 106 168.11   158 235.07     159 154.81     89 165.87     135 142.39     
Average leaf mass                                       
Source of variation df SS F  df SS F  df SS F  df SS F  df SS F  
Actual environment (A) 1 3.34 2.91 1 50.63 65.12 *** 1 0.59 0.96  1 1.08 0.96  1 6.00 15.35 *** 
Original environment (O) 1 0.34 0.63 1 2.24 2.31  1 1.11 1.34  1 0.90 0.64  1 3.77 4.40  
A x O 1 2.56 2.23 1 <0.01 <0.01  1 0.29 0.46  1 0.24 0.21  1 0.11 0.28  
Plot 2 6.18 2.69 2 2.43 1.56  2 6.18 4.97 ** 2 0.75 0.34  2 0.31 0.40  
Plot of seed family 3 6.35 3.99 1 0.47 0.49  2 0.60 0.36  1 0.98 0.69  1 0.35 0.41  
Seed family 3 1.59 0.46 9 8.71 1.25  8 6.58 1.32  5 7.05 1.26  7 6.00 2.19 * 
Residuals 106 121.89   158 122.83    158 98.27    89 99.75     135 52.78     
Leaf damage                                         
Source of variation df SS F  df SS F  df SS F  df SS F  df SS F  
Actual environment (A) 1 6.79 9.75 ** 1 5.20 12.54 *** 1 79.65 106.86 *** 1 1.07 2.18  1 2.15 3.23  
Original environment (O) 1 0.49 0.73  1 0.11 0.18  1 0.34 0.75  1 0.96 0.90  1 0.00 0.00  
A x O 1 3.58 5.13 * 1 0.02 0.04  1 2.32 3.11  1 0.05 0.10  1 0.28 0.42  
Plot 2 4.94 3.54 * 2 2.26 2.73  2 17.56 11.78 *** 2 0.52 0.53  2 3.47 2.61  
Plot of seed family 3 1.44 0.71  1 0.08 0.12  2 7.66 8.58 ** 1 0.18 0.17  1 2.25 2.48  
Seed family 3 2.03 0.97  9 5.58 1.50  8 4.46 0.60  5 5.33 2.18  7 6.35 1.36  
Residuals 106 73.86    160 66.30     162 119.27     91 44.50     136 90.58     
Survival                                         
Source of variation df Wald stat.   Fpr df Wald stat.   Fpr df Wald stat.   Fpr df Wald stat.   Fpr df Wald stat.   Fpr  
Actual environment (A) 1 0.01 0.01 1 0.30 0.30  1 3.27 3.27  1 4.03 4.03 * 1 8.01 8.01 ** 
Original environment (O) 1 0.05 0.05 1 0.34 0.34  1 1.36 1.36  1 1.30 1.30  1 0.37 0.37  
A x O 1 0.30 0.30 1 1.31 1.31  1 0.00 0.00  1 0.77 0.77  1 0.47 0.47  
Plot 2 0.69 0.35 2 3.14 1.57  2 1.93 0.96  2 0.30 0.15  2 2.98 1.49  
Plot of seed family 3 1.61 0.48 1 0.76 0.76  2 1.51 0.76  1 0.04 0.04  1 0.23 0.23  
Seed family vc ± se 0.20 0.26 vc ± se 0.11 0.11  vc ± se 0.34 0.25  vc ± se 0.00 ---  vc ± se 0.05 0.08  
Residuals md ± se 0.74 0.10  md ± se 0.75 0.09   md ± se 0.53 0.06   md ± se 1.05 0.13   md ± se 0.96 0.11   
Listed are degrees of freedom (df) and the sum of squares (SS) for generalized linear models (GLM), numerator degrees of freedom (ndf) and Wald 
statistic (Wald stat.), variance component for seed family with approximate standard error (vc ± se) and residual mean deviance with approximate 
standard error (md ± se) for Generalized Linear Mixed Models (GLMM) and F ratios (F). Levels of significance are *: p ≤ 0.05, **: p < 0.01, and 




Table 3: Analyses of variance of measured reproductive traits (inflorescence biomass, proportion of reproductive plants, proportion of buds per 




biomass   
Proportion reproductive plants 
  
Proportion buds 
   
Proportion blooming 
inflorescences   
Proportion fruiting 
inflorescences   
Source of variation df SS F   ndf Wald stat.   Fpr   ndf Wald stat.   Fpr   ndf Wald stat.   Fpr   ndf Wald stat.    Fpr   
Actual environment (A) 1 21.23 28.18 *** 1 4.82 4.82 ** 1 1.48 1.48  1 16.08 16.08 ** 1 12.23 12.23 *** 
Original environment (O) 1 0.24 0.3  1 0.07 0.07  1 0.01 0.01  1 0.15 0.15  1 0.21 0.21  
A x O 1 4.88 6.47 * 1 0.19 0.19  1 6.50 6.50 * 1 2.42 2.42  1 3.05 3.05  
Plot 2 0.81 0.53  2 1.01 0.51  2 1.80 0.90  2 0.55 0.28  2 1.37 0.68  
Plot of seed family 1 0.02 0.03  1 1.13 1.13  1 0.14 0.14  1 2.73 2.73  1 0.29 0.29  
Seed family 7 5.42 1.03  vc ± se 0.00  ---  vc ± se 0.14 0.12  vc ± se 0.09 0.09  vc ± se 0.09 0.11  
Residuals 117 88.17     md ± se 1.10 0.13   md ± se 5.10 0.68   md ± se 2.77 0.37   md ± se 5.16 0.68   
Listed are degrees of freedom (df) and the sum of squares (SS) for generalized linear models (GLM), numerator degrees of freedom (ndf) and Wald 
statistic (Wald stat.) for Generalized Linear Mixed Models (GLMM) and F ratios (F). Levels of significance are *: p ≤ 0.05, **: p < 0.01, and ***: p 
< 0.001. 
 
 
 
